Abstract: Physical and mechanical properties of four series of chemically and thermally stable sulfonated copolyimides as ion-conducting ionomers for application in fuel cell membrane, depending on chemical structure of diamine monomers were studied. The physical and mechanical properties of solid polymer membranes including thermal stability, mechanical strength, water uptake, stability in water, crystallinity and morphology were evaluated. All the polymers were thermally stable. The XRD analysis and SEM micrograph revealed that the polymers were almost amorphous and hydrophobic-hydrophilic phase separation in polyimide did not occur. Use of flexible monomers such as 4,4'-oxydianiline (ODA) and 4,4'-(4-aminophenoxy) diphenylsulfone (APDS) in the hydrophobic sequences increased the plastic behavior compared to rigid polymers prepared from 4,4'-(5-amino-1-naphthoxy) diphenylsulfone (ANDS) and m-phenylenediamine (m-PDA). It was concluded that the properties of polymeric films were strictly dependent on chemical composition of monomers and molecular weight of copolymers.
Introduction
Fuel cells utilizing polymer electrolyte membrane as proton exchanger have the potential to become an important energy source for transportation, stationary and portable electrical devices because of their clean energy production and high efficiency [1, 2] . Fuel cells are devices which can convert fuel (such as hydrogen) and oxidant (such as oxygen) into water with generation of electricity. They were developed extensively because they are environmental friendly energy sources. Water and heat which do not pollute the atmosphere would be the only byproducts of fuel cell systems working with hydrogen and oxygen [3, 4] .
Today, perfluorosulfonic acid polymers such as Nafion have been used widely as polymeric membranes, because of their special properties such as mechanical strength, good chemical stability, proton conductivity and processabilities at low temperatures. However, these fluorine-based membranes have problems such as: high methanol permeability, microphase separation at high temperature due to ionic cluster formation, high cost and poisoning the Pt electrode by carbon monoxide impurities [5] . Other limitations are low conductivity at high temperature, low relative humidity and low T g (glass transition temperature) which restricts membrane application at higher temperatures (more than 80 o C). The advantage of using membrane at higher temperatures includes reduced poisoning of catalysts, faster proton exchange kinetics and more simple water management system. For the sake of these requirements, this research work was focused on non-fluorinated materials with low cost and high thermal stability characters [6] .
Among the various alternative polymers, the aromatic polyimides are well accepted as high performance polymers and are one of the promising materials for the protonexchanging membranes. They have combined a number of unique features and exhibit favorable balance of physical and chemical properties and show excellent thermal, mechanical and electrical properties [7] [8] [9] [10] . This paper describes the mechanical strength, morphology, crystallinity, water uptake and stability in water of polyimide membranes prepared via solution casting. Introduction of bulky naphthyl units in addition to ether and sulfone groups in the prepared sulfonated diamines (DANPS) and also similar structural features in the unsulfonated diamines (APDS, ANDS), led to improved physical and mechanical properties of the resulting polyimides while maintaining thermal and chemical properties. In addition, presence of ODA with high symmetry character and m-PDA with low symmetry character as commercial unsulfonated diamines in the structure of membranes were studied and compared.
Results and discussion
Four series of sulfonated copolyimides with different sulfonation content (40-80%) were prepared from a sulfonated diamine named as 3,3'-disulfonic acid-bis[4-(5-amino-1-naphthoxy)phenyl]sulfone (DANPS) in companion with 4,4'-oxydianiline (ODA), m-phenylenediamine (m-PDA), 4,4'-(4-aminophenoxy) diphenylsulfone (APDS) and 4,4'-(5-amino-1-naphthoxy) diphenylsulfone (ANDS) as unsulfonated monomers by high temperature one step reaction method using naphthalene tetracarboxylic dianhydride (NDA) as six-membered ring anhydride.
In this way, 4,4´-dichlorodiphenylsulfone was sulfonated via electrophilic substitution reaction with fuming sulfuric acid that led to preparation of 3,3'-disulfonic acid-4,4'-dichlorodiphenylsulfone. Subsequently, this diacid was converted to its sodium salt form (disodium-3,3'-disulfonate-4,4'-dichlorodiphenylsulfone) by treatment with sodium hydroxide. In another reaction, two moles of 5-amino-1-sodium naphthoxide in reaction with disodium-3,3'-disulfonate-4,4'-dichlorodiphenylsulfone through nucleophilic substitution reaction resulted in disodium-3,3'-disulfonate-bis[4-(5-amino-1-naphthoxy)phenyl]sulfone (DSANPS). Treatment of DSANPS with dilute hydrochloric acid led to the acidic form of this compound (DANPS). Also, APDS and ANDS as two unsulfonated diamines were prepared similarly without doing sulfonation step. Thus, four series of sulfonated copolyimides with 40-80 % disulfonation content were obtained by one step polycondensation reactions of NDA with various ratios of DANPS as sulfonated diamine versus ODA, m-PDA, APDS, and ANDS as unsulfonated diamines. The detailed procedures of synthetic methods have been described previously in our articles [11, 12] . The chemical structure of sulfonated copolyimides including sulfonated and unsulfonated segments is depicted in Scheme 1. The prepared sulfonated copolyimides are abbreviated as DANPS-O, DANPS-P, DANAP and DANAN, based on diamine structure.
The chemical structure of prepared sulfonated and unsulfonated diamines in addition to 4,4'-oxydianiline (ODA) and m-phenylene diamine (m-PDA) as commercial monomers are depicted in Scheme 2. 
Mechanical Tensile Properties
Mechanical properties of sulfonated copolyimide membranes were evaluated in comparison with commercial Nafion-117 membrane. Typical stress-strain curves of four copolyimide films in comparison with Nafion are represented in Figure 1 . The mechanical properties of the aromatic copolyimide cast membranes were somewhat different from Nafion. At small strains, the copolyimide membranes displayed an elastic behavior with high modulus, beyond that, polymers showed the characteristic of a tough and ductile thermoplastic however, the elongation at break were small. Whereas Nafion behaves like elastomers, with low modulus but high elongation at break [13] . The plastic behavior of copolyimide membranes was different from each other, because the symmetry and flexibility of monomers participated in polymer backbone, were not the same. Introduction of flexible monomers such as ODA and APDS in the hydrophobic sequences in comparison with rigid ones (m-PDA and ANDS) and also use of block copolymerization increased the extent of plastic behavior. 
Thermal Properties
The thermal stability and thermal behavior of the triethylammonium salt form of copolymers were studied using TGA and DMTA techniques.
-Thermogravimetric Analysis (TGA)
The thermographs of TGA for the copolyimides showed a two-step degradation pattern for all samples. The first major weight loss was observed in the region of 300 ˚C attributed to the desulfonation of the structures. The second weight loss that was observed about 460 ˚C was related to the degradation of the polyimide backbone [13, 14] . By increasing the sulfonation content of the copolymers, the mass loss at the first step was increased, and also the degradation temperature decreased. This was due to the fact that the sulfonated parts of the copolyimides are the weak units from the thermal stability point of view in these polymers. The first step thermal degradation temperature of sulfonated copolyimides was adequately higher than required operation temperature for conventional fuel cells using Nafion membrane. Therefore, sulfonated copolyimides are suitable choices in order to improve fuel cell performance to operate at higher temperatures.
-Dynamic Mechanical Thermal Analysis (DMTA)
The glass transition temperature (T g ) of four series of copolymers derived from DMTA (decreasing in storage modulus with increasing tan δ) technique was about 146-236 C (Figure 2, 3) . Presence of flexible ether, sulfone and sulfonic acid groups lowered the T g of polymers due to reduced crystallinity which means better processability in comparison to the other common polyimides. The T g value of copolyimides was dependent on the chemical structure of monomers [15] according to the following sequence:
DANPS-O > DANAN > DANAP > DANPS-P As shown in above trend, the DANPS-O and DANPS-P revealed the highest and lowest glass transition temperature, respectively, due to ODA symmetry and high molecular weight propagation with respect to low symmetry character of m-PDA that led to low chain-chain interaction and consequently more flexible polymer (DANPS-P). It is worth to mention that the range of molecular weights of polymers with 40-80% sulfonation content based on GPC data was 28100-33800, 26100-28800, 30800-35600 and 23300-27900 g/mol for DANPS-O, DANAN, DANAP and DANPS-P, respectively.
Water Uptake
The water uptake of polyimide membranes was directly proportional to sulfonic acid groups incorporated in sulfonated (hydrophilic) segment of the polymer. In other word, the water sorption would increase by increasing the sulfonation content. It does not necessary mean that there is a constant increase between water uptake and sulfonation content. The sulfonic acid groups were responsible for water sorption and conductivity of membranes because of ionic character of -SO3H groups. The water sorption of sulfonated polymer was known to have a profound effect on proton conductivity and mechanical properties of membranes [16] . Membranes with more water uptake have high proton conductivity and lower mechanical properties. The water molecules diffuse into the polymer chains and cause the imide functions to hydrolyze leading to lessening of mechanical properties. Regarding the sulfonic acid content, the water sorption of copolymers were from 15 up to 79 percent (Table 1) which showed reasonable water sorption in comparison with Nafion-117 ( 19% at 30 C ). 
Stability in Water
The stability of polyimide film in water mainly depends on the sulfonation content and polymer chain flexibility [17] . In other word, the stability in water is directly proportional to flexibility of monomers (polymer chain), due to better standing on bending operation in mechanical test [18] . Therefore, the higher the flexibility of backbone, the higher is the stability in water. By increasing the sulfonation content, the hydrophilicity of the polymers will increase, and therefore polymer swelling will be increased leading to membrane instability. According to structural symmetry and flexibility of monomers considering same sulfonation content, the stability of polyimide films in water varied as follows:
DANAP >DANPS-O >DANAN >DANPS-P
This means that linear monomers with high symmetry character were capable of producing more stable polymers with higher molecular weights in comparison to monomers having low symmetry character such as m-PDA.
Morphology
The hydrophilic-hydrophobic phase separation is an important factor for evaluation of membranes performance for application in fuel cell system. The typical micrographs depicted in Figure 4 and 5, showed that microphase separation did not occur in polyimide films. It revealed lack of connectivity between the sulfonated and unsulfonated aromatic segments, suggesting a homogeneous structure. However, the morphological change and phase-separation has been reported in Nafion membranes, probably due to more hydrophobic character of fluorinated groups, causing more connectivity of hydrophobic domains, which can be considered as a deficiency for such membranes [13] . 
Crystallinity
According to XRD analysis, all of the sulfonated polyimides were almost amorphous ( Figure 6 ). This amorphous structure was attributed to the presence of bulky naphthyl groups and flexible ether and sulfone linkages, which affected the crystallinity as well as packing order of the polymers. This amorphous nature of sulfonated copolyimides was favorable for high water absorption because the water molecules can easily diffuse into the amorphous region with looser molecular packing [19, 20] . Fig. 6 . Typical X-ray diffraction pattern of sulfonated copolyimide DANPS-P (50).
Conclusions
Four series of sulfonated copolyimide with different monomer structure based on unsulfonated diamines were synthesized. The effect of chemical composition, symmetry and flexibility of monomers on physical and mechanical properties was studied. The results indicated that the mechanical properties of copolyimide films were dependent on chemical compositions of monomers, i.e. flexible and rigid units and also molecular weight of copolymers. As the sulfonation content increased, the water uptake increased. This was due to hydrophilic nature of sulfonic acid groups. The stability in water of sulfonated copolyimides was increased by increasing the flexibility and symmetry character of monomers. All of the copolymers showed amorphous and homogeneous structure by XRD and SEM techniques without hydrophilic-hydrophobic phase separation. The copolymers revealed high thermal stability, which means higher working temperatures for fuel cells.
Experimental

Film formation via solution casting
The sulfonated copolyimide in triethylammonium salt form was dissolved in N-methyl-2-pyrrolidone (NMP) or N,N-dimethyl acetamide (DMAc) (5% w/v), then the mixture was refluxed for 6 hours at 100 o C to reach a homogeneous solution. The solution was filtered and cast onto glass plates and dried at 160 o C for 24 h. The as-cast films were transformed into acidic form by soaking in 1.5 M sulfuric acid at room temperature for several days. The copolyimide films in acidic forms were washed with deionized water and then dried in vacuo at 150 o C for 12 h. The thickness of the films was in the range of 50-180 µm [21, 22] .
Instruments
The weight-average molecular weight (M w ) was determined by gel permeation chromatography (GPC). It was performed on a Waters 150-C instrument using Styragel columns and a differential refractometer detector. The molecular weight calibration was carried out using polystyrene standards. Calibration and measurements were made at a flow rate of 1 mL/min, and DMF was used as solvent. LiBr was added to each sample at a concentration of 1% (w/v). Thermogravimetric analysis (TGA) was recorded on a Stanton Redcraft STA-780 in air at a heating rate of 10 ˚C/min. The dynamic mechanical measurements were recorded on a Polymer Laboratories Dynamic Mechanical Thermal Analyzer (DMTA) over a temperature range of 25-300 ºC at 1Hz and a heating rate of 10 ºC/min. Mechanical Tensile testing was performed with an ADAMEL testing instrument MTS 10/M equipped with a chamber in which the temperature and the humidity (80 ºC and 93% RH) were controlled by flowing humidified air. Stress-strain curves were obtained at a stretching speed of 25 mm/min for samples cut into a dumbbell shape [ASTM D638]. Morphological studies were performed using Tescan, SE Detector, model Vega XMU scanning electron microscope (SEM). The X-ray diffraction (XRD) instrument was Siemens model D 5000, Cu Kα (40Kv, 25mA).
Water Absorption Measurement
The copolyimide films were immersed in de-ionized water at 30 o C for 24 h, then taken out and wiped to measure the water uptake in weight percent according to the following formula [23, 24] : 
Stability in Water
The stability of polyimide films in water was tested by immersing the films into distilled water at a given temperature (80 o C) for 24 h. Then, after expiration of the aforementioned time, the loss of mechanical properties of film was evaluated by bending operations in which the film is broken when lightly bent [25, 26] .
